Non-invasive two-photon microscopy (TPM) provides a new technique which could become in the future a substitute for hematoxylin and eosin (HE) staining of tissue sections of the epidermis and upper and middle dermis as well. High-resolution imaging, in combination with false-colour representation, allows an accurate reproduction of standard microscopy. The vertical skin viewing of epidermis and upper dermis by means of TPM allows for a new histopathological supportive technique, especially in non-melanoma skin cancer such as squamous cell carcinoma and basal cell carcinoma. If it could be used on fresh tissue samples, it could provide an alternative method to Mohs 3D histology, even though the defi nitive criteria for melanocytic tumours have not yet been suffi ciently evaluated.
Introduction
Although the experienced dermatologist can diagnose most skin tumours either with the naked eye by dermoscopy, the biopsy, together with an adjacent histological examination of the specimen, is still the gold standard in the diagnosis of skin cancer and infl ammatory diseases of the skin. However, dermatohistopathology is limited by both the time required for a standardised preparation of the specimen and the additional immunohistological staining in order to diagnose the tumour and evaluate its lateral borders and invasion depth suffi ciently (3D histology) [1, 2] . Two promising, recently developed diagnostic techniques, the confocal laser microscopy (LSM) [3, 4] and the two-photon microscopy (TPM) [5, 6] , both of which focus on a non-invasive " biopsy-free " diagnosis of cutaneous diseases, are not yet in the clinical routine, but in clinical and experimental settings under investigation. Despite real-time viewing at a high-level of cellular resolution of the skin, the target of an " optical biopsy " has unfortunately not yet been realized. Apart from their limited ease of use, necessary histological key parameters such as the invasion depth and borders of the tumour have not been addressed so far. This is mainly caused by a primarily two-dimensional image with a limited fi eld of view (FOV) of the order of tenths of mm, a restricted lateral resolution of maximally 1.2 μ m, and a maximum depth of up to 0.35 mm in LSM as well as TPM [4, 7] . The optical sections are horizontal to the skin surface, in contrast to the vertical imaging used in intraepidermal diagnostic, and require specialised knowledge for interpretation [3] . Due to the restricted FOV and defi ned penetration depth of the laser, the full extent of the tumour volume is not captured. In-situ cancers such as actinic keratosis grade III, which penetrate the dermo-epidermal junction, are barely assessable [3] .
In this paper we present the fi rst ex-vivo results which were achieved with a new non-invasive TPM laser technique aiming to become a high-resolution imaging of cutaneous specimen analogous to the standards of dermatohistopathology. By means of an innovative " lateral scan technology " , offering a wide FOV (10 × 10 mm 2 ), a zoom function and a false-colour representation, an assessment is presented of histological sections of the excised skin tumours. Equivalent to histopathologic sectioning, the specimens were fi rst scanned and captured in full and later subjected to a detailed evaluation with a variable resolution and magnifi cation (close-up). In contrast to the standard histological haematoxylin and eosin (HE) staining, the most common tumours such as basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) can be diagnosed quite accurately using TPM imaging. The differentiation of dysplastic nevi and early malignant melanoma must be further improved by higher resolution and false-colour modelling.
Physical basics of two-photon microscopy
TPM is a non-invasive, depth resolved and non-destructive optical imaging method which measures the fl uorescence signal produced by the molecules of the tissue. More precisely, two-photon secondary radiation is composed of second harmonic generation (SHG) and two-photon excited fl uorescence (TPEF) signals. Thus the radiation that originates within the probe is used to produce an image of the volume of the sample. This is different to refl ected-light microscopy and transmitted-light microscopy where the refl ected and transmitted radiation of the probe generates the image.
The physical effects generating the radiation for two-photon imaging, TPEF and SHG, will be explained in this chapter, followed by device-related information.
Theory of two-photon excited fl uorescence
TPEF is a non-linear optical effect, where two photons are absorbed simultaneously without having real intermediate states and thus achieve an excited state of the molecule that corresponds to twice the quantum energy EQ of a single photon. This means, that the excitation is achieved by absorbing two photons of half the photon energy, as compared to the corresponding one-photon excited fl uorescence (OPEF). The quantum energy EQ of the transition can thus be calculated as follows:
with ν = frequency, λ = wavelength of the excitation radiation, h = Planck ' s constant and indices " 1P " and " 2P " designating " one-photon " and " two-photon " , respectively. To generate the TPEF, two photons have to be absorbed at almost the same time at the same location. While the probability for OPEF is directly proportional to the excitation intensity, the probability for a transition of TPEF is proportional to the square of the excitation intensity. The two-photon cross section is a measure of the probability that a photon interacts with a molecule resulting in a two-photon excitation. Since this cross section is very small for the two-photon excitation process, very high photon fl ux densities are necessary to produce TPEF. These high photon fl ux densities can only be produced in the focusing area of a tightly focused, ultra short pulsed laser beam. This leads to a combination of the temporal and spatial concentration of the radiation. Thus the high intensity necessary for TPEF is only generated within the focus area of the laser beam. Therefore all the generated fl uorescence radiation is allocated to the very small focal region of the exciting laser beam within the tissue when using TPEF for exciting the molecules in a certain tissue area [8, 9] .
Theory of second harmonic generation
The SHG is based on the principle of the non-linear polarisation in regular structures. For small defl ections of the electrons in the electrical fi eld, the electrical polarisation P is proportional to the electrical fi eld strength E and can be calculated as follows, whereby ε 0 stands for the vacuum permittivity and χ for the electric susceptibility:
For higher electrical fi elds, the polarisation becomes disproportionate and the relation between the polarisation and the electrical fi eld strength is described by the Taylor series:
The value of the electric susceptibility χ declines with the rising term of this series, so that higher orders of the equation become negligible. The effect of the frequency doubling is responsible for the generation of the SHG signal in the tissue. The second term of the non-linear polarisation is essential for the frequency doubling:
If the electric fi eld is defi ned as E = E 0 cos( ω t ), the second term of the polarisation is
where ω is the circular frequency and t represents the time.
With the addition theorem ( )
⎦ the second term of the polarisation comes to
The fi rst part of this equation is not time-dependent, whereas the second part is obviously harmonic and a multiple of the fundamental wave frequency ν .
To gain the SHG effect, regular structures are needed as can be found in laser crystals for frequency doubling. Organised collagen and elastin fi brils have similar anisotropic properties and therefore also show these non-linear attributes. In laser crystals the aim is to achieve a high SHG signal and this can only be achieved by optimising the phase matching between exciting and SHG beam.
Phase matching also originates from the naturally organised collagen and elastin fi bres but it depends on their orientation within the tissue with respect to the primary laser beam. Due to the fact that the excitation laser beam and the second harmonic wave have the same direction ( " forward scattering " ), refl ection and backscattering of the SHG radiation is needed to re-direct this radiation to the scan lens and to record the SHG signal. There are additional effects such as erasure and attenuation in the tissue because of the principle of superposition. However, the recorded SHG signal is suffi cient to create a digital image with the help of SHG microscopy [10, 11] .
Material and methods

Lateral scan for TPM and SHG microscopy (technology)
The imaging was made with a functional model of the twophoton-microscope made by the W.O.M. WORLD OF MEDICINE AG. The two-photon-microscope for the " lateral scan " , recently described in G ö ppner et al. [9] , contains a femtosecond laser to excite the TPEF and to generate the SHG signal in the skin. The laser beam is expanded and then focused by an objective lens. The power of the laser beam is adjustable in order to reach deeper layers of tissue but P = 50 mW at maximum. The properties of the excitation beam system are shown in Table 1 .
To create a digital image, the tissue sample is moved in the x-and y-direction by two micro-motion stages with a motion fi eld of 10 mm × 10 mm. To change the layer in the depth of the sample, the objective lens is moved parallel to the vertical z-axis. The assembly is shown in Figure 1 .
The optical signal is detected by several photomultiplier tubes. Two channels are incorporated to detect the optical signal, and it is possible to expand the system for future use. There is one dichroitic mirror to separate the optical signal from the excitation beam and two dichroitic mirrors to separate the TPEF and the SHG signal. The SHG channel detects the radiation with a wavelength smaller than 400 nm, because the SHG signal is generated at half the excitation wavelength which results in λ = 390 nm for an excitation wavelength of λ = 780 nm. The TPEF channel detects the radiation between 430 nm and 650 nm.
The tissue sample is scanned by moving the focal spot of the excitation beam through the tissue and collecting the two signals mentioned above as a function of the focus location. The data sets can be used to generate an image of the scanned tissue volume by transferring the detected TPEF signal to grey values and representing these grey values as a function of the focus location within the tissue.
In classic TPM, scanning is realized with galvanometer scanning mirrors (controlled by a computer), which defl ect the beam angle in two vertical axes, with respect to the optical axis of the system, leading to a lateral movement of the focus behind the objective lens. By this means the x-and y-motions are effected. Using this technology, the scan fi eld is restricted to the FOV of the objective lens. As this is by necessity a high aperture and high magnifi cation microscope objective, the scan fi eld has a maximum diameter of 0.6 mm.
As with the lateral scan technology, the fi eld limitation by the focusing optics does not apply. The main achievement of the new TPM is an extended scan area; 10 mm × 10 mm have been realized up to now. There are also no distortions, no brightness changes or vignetting over the whole of the scan fi eld [9] . Figure 2 shows a two-photon-excited spectrum of a tissue sample of healthy human skin which is embedded in paraffi n. The spectrum was taken with a fi bre-coupled spectrometer including a CCD detector with 498 channels. The excitation wavelength is λ = 780 nm.
Because the SHG and the TPEF images are recorded simultaneously and congruently, they can be superimposed in order to generate a multi-coloured image using the false-colour technique. The combined image clearly shows the cellular and the fi brous (collagen) elements in the tissue image giving a clear contrast between the " cellular channel " (e.g., TPEF) and the " collagen channel " (e.g., SHG). Thus epidermis and dermis can clearly be separated. A tumour invasion into the dermis is clearly visible. Figure 3 shows the principle of this false-colour method as well as the comparison with an HE stained sample of a BCC. The images of the cellular and the fi brous channel are overlaid by a superposition of the SHG signal in red and the TPEF signal in green. The yellow areas in the image are caused by additive colour mixing and mark the regions where the signal of both channels is measured. It should be stressed that the imaging and the cellular/fi brous contrast is achieved without any antibody labelling. This is the case for all TPM images shown in this paper. Figure 2 Two-photon excited spectrum of a tissue sample of healthy human skin (approx. 30 μ m below the skin surface) embedded in paraffi n. The excitation wavelength is λ = 780 nm. The peak located at a wavelength of λ = 390 nm shows the SHG signal, and the broad signal with a wavelength above λ = 400 nm shows the TPEF signal. The SHG signal is caused by the fi brous collagen and the TPEF signal is induced by the epidermal cells that contain endogenous fl uorophores.
SHG "collagen channel"
Autofluorescence (TPEF) "cellular channel" HE sample Fusion: false-colour image Figure 3 The principle of the false-colour method. Image of a human tissue sample of a BCC, prepared as described in the " Material and methods " section (TPM image data: scan area in the xy-direction, 0.55 mm × 0.95 mm; pixel size, 0.5 μ m). All pictures show the same slide section and level.
Preparation of samples
According to standardised dermatohistological procedures, all excised tumours were immediately fi xed in formalin postoperatively and subsequently processed in serial sections including " T ü binger Torte " (muffi n preparation) [2, 12] in order to confi rm a complete removal of the tumour. After formalin fi xation for 24 h, the samples were embedded in paraffi n and 3 μ m sections were prepared and stained with HE (Fisher Scientifi c GmbH, Dreieich, Germany).
Spectral imaging
A total of 12 HE specimens were tested in terms of BCC (n = 4), SCC (n = 4) and malignant melanoma (n = 4). Every sample was fi rst scanned by the TPM at a minimum resolution of 100 μ m in the x-direction and 1 μ m in the z-direction in order to localize the tumour area. When localized, the direction was changed from vertical to horizontal imaging (xy-direction) for a full capture of the tumour, with a digital resolution of 100 μ m × 100 μ m. For a sharper overview, the resolution was increased stepwise to 5 μ m. More detailed imaging of signifi cant histological parameters such as the invasion of the dermal-epidermal junction zone and the lateral borders of the tumour was then achieved by a close-up of at most 0.5 μ m. Overview and close-up TPM images were captured and later compared to photos of HE staining of the scanned probe for essential tumour characteristics by an experienced dermatopathologist. SHG and TPEF signals were additionally used for false-colour representation of the pictures in order to provide a better differentiation of epidermis vs. dermis/collagen as well as healthy vs. pathological tissue.
All spectral imaging was carried out in a darkened room to avoid any infl uence of daylight during the laser scan.
Results
Using TPM technique four different specimens per tumour entity were scanned resulting in, a total of 12 histological sections. One example per diagnosis is presented here.
Technical approach of TMP imaging to skin tumour samples
As mentioned above, the layer on the z-axis of every sample was fi rst localized with a resolution of 100 μ m in the x-direction and 1 μ m in the z-direction. Then an overview picture was taken of the whole sample with a resolution of 100 μ m in both the x-and y-direction (Figure 4 A) . As shown in Figure  4B , the overview was repeated with a resolution of 5 μ m in the x-and y-direction, when the sample was captured completely in the fi rst overview. The scan size of the overview image depends on the size of the tissue sample. The adjacent full capture of every examined tumour was followed by a stepwise increased zoom of maximally 0.5 μ m in order to display relevant diagnostic areas in greater detail ( Figure 5 A -C) . For the images with a higher digital resolution, the scan size was limited to the area of interest for the diagnosis.
Every primary set of images was stored as an overview image and a close-up in false-colour representation of the TPEF signal and the SHG signal (2 channels). The close-up was additionally imaged as a black-and-white representation of the TPEF signal and the SHG signal combined, and compared with HE staining by a board-certifi ed dermatopathologist.
Comparison of TPM imaging to standard microscopy of HE stains in skin tumour samples
In SCC (Figure 6 A -D) , it was possible to discern not only images of the jagged outlines of cell aggregations that vary considerably in size and shape, but also abnormal keratinocytes in proliferating branches from epidermis to dermis.
As shown in Figure 7 A -D, histological key parameters of nodular BCC, such as cells of various shape, order and size, could clearly be identifi ed. In particular, the SHG signal marks pathologically dense and altered stroma which helps with the differentiation of tumour tissue from the adjacent normal skin as well as highlighting the tumour borders.
Compared with HE staining (Figure 8 A) , the asymmetric proliferation of dysplastic melanocytic cell aggregations in malignant melanoma which was variable in size and shape in the upper part of the dermis with cytologic abnormal melanocytes and found both as solitary units and in nests at all levels of the epidermis (indicated by arrows), was not suffi ciently detectable in the TPM scan ( Figure 8B -D) .
Despite the lack of a certain diagnosis, the additional falsecolour representation, both in BCC and in SCC, clearly delineated essential parameters for 3D histology in terms of lateral and lower tumour borders.
Discussion
New laser technique development and specialized equipment allow investigation of skin structures to a certain degree. These new techniques help to support clinical discrimination of tumour borders and invasion depth before dermatosurgery [2] . Therefore, the invasion depth through the dermal-epidermal junction zone, as well as the lateral margins of the tumour, must be assessed. 3D histology as the gold standard, assuring the visualisation of all tumour and excision margins, is timeconsuming and often performed in single, dual or multiple interventions because the extent of skin cancer is rarely satisfactorily assessed by its clinical appearance [13 -15] . In addition, over 80 % of the most common epithelial tumours such as BCC or SCC occur primarily in aesthetically challenging locations, e.g., the face, the breast or the scalp. As a result due to the inevitable scars, even minimal invasive diagnostic procedures such as a biopsy, although necessary, are usually not welcomed by the patient.
The combined recording of spectra and images [16, 17] , known as spectral imaging, provided by modifi ed, new TPM devices such as the one presented here however, offer a new perspective both in vivo [17, 18] and ex vivo [9, 17] . Due to the technical modifi cations mentioned above, the spectrally animated and falsely coloured visualisation offered by the new TPM delivers a high resolution scan with precise measurements and dimensions of the corresponding HE-stained slices of the specimen being examined. Most importantly, essential parameters of 3D histology such as lateral and lower tumour borders are captured in full. According to the standard procedure in dermatohistopathology of zooming from a general overview to a more detailed inspection of areas of particular interest, epithelial skin cancer such as BCC or SCC can now be diagnosed quicker than Mohs surgery [1] or the rapid lump examination [19] . The diffi cult diagnosis of early invasive malignant melanoma is not yet possible. The additional tool of spectral band imaging, separating autofl uorescence from SHG signal, allows a clear identifi cation of the dermo-epidermal junction zone and allows an unequivocal distinction between epidermis and dermis, or rather collagen, as well as between the tumour and its healthy surroundings. 
Conclusion
Despite a limited penetration depth that currently does not allow suffi cient assessment in the dermal to subcutaneous border or of a demanding diagnosis, such as early invasive malignant melanoma, TPM using the " lateral scanning approach " will in the near future offer a fast and hands-on new alternative to 3D histology of skin tumours in the epidermis, epidermaldermal junction zone and upper to mid dermal sites.
